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Edited by Gianni CesareniAbstract We performed reverse-phase thin-layer chromatogra-
phy and reverse-phase high-performance liquid chromatography
(RP-HPLC) analysis of polyisoprenoids released by sulfonium-
salt cleavage with methyl iodide from Plasmodium falciparum
proteins labeled with [3H]FPP or [3H]GGPP and showed that
a dolichol of 11 isoprene units is bound to 21–28-kDa protein
clusters from trophozoite and schizont stages. The dolichol struc-
ture was conﬁrmed by electrospray-ionization mass spectrometry
analysis. Treatment with protein synthesis inhibitors and RP-
HPLC analysis of the proteolytic digestion products from para-
site proteins labeled with [35S]cysteine and [3H]FPP showed that
the attachment of dolichol to protein is a post-translational event
and probably occurs via a covalent bond to cysteine residues.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Plasmodium falciparum resistance to current drugs used in
the treatment of malaria has led researchers to seek new drug
targets, and the study of protein modiﬁcation is particularly
important in this context.
Covalent modiﬁcation of proteins by the addition of lipid
groups makes the proteins more hydrophobic and facilitates
membrane association. It can be required for protein–protein
interactions [1] and protein targeting [2] and appears to be a
prerequisite for the appropriate expression and functional
activities of a variety of proteins [1].
The post-translational attachment of isoprenyl groups has
been described for a diverse range of proteins from diﬀerent
organisms [3]. The isoprenyl group is bound post-translation-
ally to cysteine residues at the C-terminus of the protein
through a thioether bond [4]. The most common isoprenoid
moieties found attached to proteins are farnesyl (15 carbons)
and geranylgeranyl (20 carbons).Abbreviations: cys, cysteine; dol, dolichol; ESI-MS, electrospray-ioni-
zation mass spectrometry; FPP, farnesyl pyrophosphate; GG, geran-
ylgeraniol; GGPP, geranylgeranyl pyrophosphate; MS/MS, tandem
mass spectrometry; m/z, mass quantity/charge number; PBS, phos-
phate-buﬀered saline; RP-HPLC, reverse-phase high-performance
liquid chromatography; RP-TLC, reverse-phase thin-layer chroma-
tography; SDS–PAGE, sodium-dodecyl-sulphate polyacrylamide-gel
electrophoresis; TCA, trichloroacetic acid
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doi:10.1016/j.febslet.2006.10.042Another type of protein modiﬁcation is the attachment of a
dolichyl group to proteins. This is known as protein dolichyla-
tion and may be involved in the growth control of tumor cells
[5,6].
The present study shows that protein dolichylation occurs in
P. falciparum. We also provide evidence that dolichyl groups
are covalently and post-translationally bound to the C-termi-
nal cysteine residues of malaria parasite proteins.2. Materials and methods
2.1. Chemicals
[1-(n)-3H] farnesyl pyrophosphate (FPP) triammonium salt (17.0 Ci/
mmol), [1-(n)-3H] geranylgeranyl pyrophosphate (GGPP) triammo-
nium salt (16.5 Ci/mmol), L-[35S]methionine (>1000 Ci/mmol), L-
[35S]cysteine (>1000 Ci/mmol), HyperﬁlmMP ﬁlm and Amplify were
obtained from Amersham-Pharmacia Biotech. Farnesyl cysteine and
geranylgeranyl cysteine were obtained from American Radiolabeled
Chemical Inc. Authentic standards of dolichol and polyprenol were
kindly supplied by Dr. Tadeusz Chojnacki (Institute of Biochemistry
and Biophysics of the Polish Academy of Sciences, Warsaw, Poland).
Lithium iodide hydrate and iodomethane were purchased from Fluka.
All solvents used were HPLC grade. All other chemicals were pur-
chased from Sigma.
2.2. P: falciparum culture
P. falciparum 3D7 clone was cultured in vitro according to Trager
and Jensen [7], using tissue culture ﬂasks (75 cm2) with a gas mixture
of 5.05% CO2, 4.93% O2, and 90.2% N2. Cultures (approximately
20% parasitemia) were initially synchronized in ring stage (1–10 h after
invasion) by two treatments with 5% (w/v) D-sorbitol solution in water
[8] and maintained in culture until the trophozoite stage (20–24 h after
reinvasion) or the schizont stage (30–35 h after reinvasion). The cul-
tures were centrifuged at 2000 · g and the parasites were isolated from
erythrocytes by treatment with 0.1% (w/v) saponin for 5 min and
washed three times with phosphate-buﬀered saline (PBS) (0.007 M
Na2HPO4, 0.01 M NaH2PO4, pH 7.4, 0.15 M NaCl) at 10000 · g for
10 min followed by protein extraction.2.3. Protein extraction
Proteins were extracted as described elsewhere [9]. After extraction
proteins were precipitated by addition of four volumes of ice-cold ace-
tone and collected by centrifugation at 10000 · g for 10 min at 4 C.
To remove any residual dolichol-P oligosaccharide and lipids that were
not bound covalently to proteins, the precipitate was washed three
times with acetone, chloroform:methanol (2:1, v/v), chloroform:meth-
anol:water (10:10:3, v/v/v) and ethanol. Proteins were resuspended in
100 ll of a sample buﬀer [6 M urea, 2 M thiurea, 2% (w/v) SDS, 5%
2-mercaptoethanol, 10% glycerol, 0.05% (w/v) bromophenol blue,
and 0.0625 M Tris–HCl, pH 6.8] and stored in liquid nitrogen for sub-
sequent sodium-dodecyl-sulphate polyacrylamide-gel electrophoresis
(SDS–PAGE) analysis.2.4. Metabolic labeling
Synchronous cultures of P. falciparum starting in the ring, trophozo-
ite or schizont stage with 20% parasitemia were labeled with [1-(n)-3H]blished by Elsevier B.V. All rights reserved.
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[1-(n)-3H] geranylgeranyl pyrophosphate triammonium salt
([3H]GGPP) (3.125 lCi/ml) or L-[35S]cysteine (25 lCi/ml), in normal
RPMI 1640 medium or with L-[35S] methionine (25 lCi/ml) in
10 mM methionine-deﬁcient RPMI medium for 16 h. The parasites
were separated from the erythrocytes by treatment with saponin, and
proteins were extracted. The samples were stored in liquid nitrogen
for subsequent analysis.2.5. Drug treatment
Synchronous cultures as described above (Metabolic labeling) were
each pre-treated separately for 6, 12, and 24 h with either 15 nM of
cycloheximide (IC50 10 nM), 14 lM of chloramphenicol (IC50 7 lM)
or 20 lM of tunicamycin (IC50 22 lM) and labeled with [
3H]FPP or
[3H]GGPP for 16 h in the presence of the drugs. The parasites were
separated from erythrocytes, and proteins were extracted and stored
in liquid nitrogen for subsequent SDS–PAGE analysis. Metabolic
labeling with L-[35S] methionine was performed under the same condi-
tions as those for trichloroacetic acid protein precipitation to deter-
mine protein-synthesis inhibition [10]. Untreated parasites were
cultured under identical experimental conditions.2.6. Gel electrophoresis
SDS–PAGE [11] was performed in 5–20% continuous polyacryl-
amide gradient gels (20 · 20 cm). After electrophoresis, the gels con-
taining proteins labeled with the diﬀerent radioactive substances
were treated with Amplify, dried and exposed to Hyperﬁlm MP ﬁlm
with an intensifying screen at 70 C for 15–20 days. Equal amounts
of proteins from each parasite were used.2.7. Sulfonium-salt cleavage
After SDS–PAGE analysis, gel bands corresponding to labeled pro-
teins with [3H]FPP and [3H]GGPP were excised, and the isoprene com-
pounds attached to proteins were extracted by sulfonium-salt cleavage
with methyl iodide as described elsewhere [12] followed by a new
extraction with acetone:diethylether (1:1, v/v). Samples were centri-
fuged at 10000 · g for 10 min, and the supernatant was transferred
to a new tube, dried under a nitrogen stream and stored at 70 C
for subsequent reverse-phase thin-layer chromatography (RP-TLC)
or reverse-phase high-performance liquid chromatography (RP-
HPLC) analysis.2.8. RP-TLC
Reverse-phase TLC of lipid extracts was performed on aluminum
plates pre-coated with RP-18 F254s (20 · 20 cm, Merck) using ace-
tone:water (19:1, v/v). Farnesol, geranylgeraniol, dolichol of 11, 16,
and 19 isoprene units and polyprenol of 6–24 isoprene units were used
as standards and visualized with iodine vapor.
The plates were exposed to a Storage phosphor screen for approxi-
mately 10 days and scanned using a Storm 820 apparatus (Amersham)
to produce a digital image. Image analysis was performed using Image
Quant software (Molecular Dynamics).2.9. Proteolytic cleavage of proteins
After SDS–PAGE of the proteins labeled with [3H]FPP, [3H]GGPP
or L-[35S]-cysteine, the region of the gel corresponding to 21–28 kDa
was excised and the proteins electroeluted using a Model 422 Electro-
eluter (BIO-RAD). Proteolytic digestion was performed using protease
XIV from Streptomyces griseus (Pronase E) as described elsewhere [13]
and was conﬁrmed by SDS–PAGE. The hydrophobic products were
extracted three times with 1 ml of butanol, and the pooled extracts
were dried under a nitrogen stream and stored at 70 C for HPLC
analysis.Fig. 1. SDS–PAGE analysis of the proﬁles of (A) [3H]GGPP and (B)
[3H]FPP-labeled proteins of P. falciparum. E: erythrocytes; R: ring
forms; T: trophozoites; S: schizonts.2.10. HPLC
To perform HPLC analysis of polyisoprenoids released from P. fal-
ciparum proteins, the dried extracts from the sulfonium-salt cleavage
were resuspended in 400 ll of methanol, ﬁltered through a 0.45 lm ny-
lon ﬁlter (Advantec MFS Inc.) and analyzed on a Phenomenex Luna
C18 column (250 mm · 4.6 mm · 5 lm) (Phenomenex) as described
by Tonhosolo et al. [9].To analyze the proteolytic digestion products, butanol extracts were
resuspended in 400 ll of methanol, ﬁltered through a 0.45 lm nylon ﬁl-
ter and analyzed on a reverse-phase HPLC system using a Nucleosil C4
column (150 mm · 4.6 mm · 5 lm) (Macherey-Nagel) as described by
Hjertman et al. [6].
2.11. Mass spectrometry
After RP-TLC analysis of polyisoprenoids released from 21 to 28-
kDa protein cluster of trophozoite and schizont stages, the bands with
Rf corresponding to the dolichol of 11 isoprene units and polyprenol of
12 isoprene units were scraped, re-extracted with acetone:diethylether
(1:1, v/v), centrifuged at 10000 · g for 10 min, and the supernatant
was transferred to a new tube, dried and resuspended in 100 ll of chlo-
roform:methanol (1:1, v/v) and 2 mM of LiI, and analyzed using a
Finnigan LCD-Duo ion-trap mass spectrometer (Thermo Finnigan)
as described by D’Alexandri et al. [14]. A large amount of proteins
(2 mg) from trophozoite and schizont stage parasites were used for
these experiments.3. Results
3.1. Plasmodium falciparum proteins labeled with [3H]FPP and
[3H]GGPP
Our group has previously shown that P. falciparum synthe-
sizes dolichols of 11 and 12 isoprene units [10,14] and that
these compounds can be attached to the 21–24-kDa protein
cluster of this parasite [12].
To conﬁrm the existence of dolichyl groups attached to P.
falciparum proteins, we performed in vitro metabolic labeling
of the parasites with [3H]FPP or [3H]GGPP, which are possible
precursors of dolichol biosynthesis. After metabolic labeling,
the proteins were extracted, extensively delipidated and ana-
lyzed by SDS–PAGE.
Fig. 1 shows the spectrum of isoprenylated proteins in
the diﬀerent intraerythrocytic stages of P. falciparum.
[3H]GGPP-labeled proteins with a molecular mass of approxi-
mately 5–8 kDa and 21–28 kDa can be seen in the ring,
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was observed with [3H]FPP, but an additional 50 kDa cluster
of proteins was labeled (Fig. 1B). Uninfected red blood cells
showed no incorporation of radioactivity under these condi-
tions.
The same proﬁle as that in Fig. 1 was observed when para-
sites were treated with tunicamycin, a speciﬁc inhibitor of N-
glycosylation that reduces dolichol-P levels, showing that the
delipidation procedures used removed dolichol-P oligosaccha-
rides eﬃciently from the parasites.
3.2. RP-TLC analysis of polyisoprenoids attached to
P. falciparum proteins
In order to identify the isoprenoid moieties attached to the
P. falciparum proteins, the protein clusters of approximately
5–8 kDa, 21–28 kDa (labeled with [3H]GGPP or [3H]FPP),
and 50 kDa (labeled with [3H]FPP) were excised from the gel
and treated with ICH3, and the polyisoprenoid compounds
released were submitted to RP-TLC analysis.
RP-TLC analysis revealed that [3H]GGPP-labeled proteins
contain geranylgeranyl moieties and that [3H]FPP-labeled pro-
teins contain farnesyl and/or geranylgeranyl moieties attached
to all the protein clusters analyzed for all parasite stages (data
not shown). Other undeﬁned labeled compounds were detected
in the [3H]FPP and [3H]GGPP-labeled 21–28-kDa protein
clusters (Fig. 2A and B, respectively) but only in the tropho-
zoite and schizont stages.
When the Rf of the samples was compared with that of the
dolichol and polyprenol used as standards for initial identiﬁca-
tion of the unknown compounds attached to the 21–28-kDa
proteins, a dolichol of 11 isoprene units and a polyprenol of
12 isoprene units could only be identiﬁed in the [3H]FPP-
labeled proteins.Fig. 2. RP-TLC analysis of the products released from (A) [3H]FPP
and (B) [3H]GGPP-labeled 21–28-kDa proteins of P. falciparum.
E: erythrocytes; T: trophozoites; S: schizonts; F: farnesol; GG:
geranylgeraniol; D11 and D16: dolichol of 11 and 16 isoprene units,
respectively; P 6, 8, 9, 12, and 14: polyprenol of 6, 8, 9, 12, 14 isoprene
units, respectively.3.3. RP-HPLC analysis of the dolichol-like molecules attached
to P. falciparum proteins
To conﬁrm the identity of the polyisoprenoid molecules
attached to the 21–28-kDa proteins, the 21–28-kDa bands
labeled with [3H]FPP and [3H]GGPP were excised, cleaved
with ICH3 and submitted to reverse-phase HPLC analysis.
The fractions obtained at 1 min intervals were collected and
submitted to a radiation assay. The chromatogram of
[3H]FPP-labeled polyisoprenoids (Fig. 3A) shows predominant
peaks corresponding to retention times of 30 and 32 min that
coincide with a dolichol standard of 11 isoprene units and a
polyprenol standard of 12 isoprene units, respectively.
The chromatogram of [3H]GGPP-labeled polyisoprenoids
(Fig. 3B) shows one predominant peak corresponding to a
retention time of 34 min, which did not coincide with any of
the standards used.3.4. Mass-spectrometry analysis of the dolichol-like molecule
Mass-spectrometry analysis of the polyisoprenoid released
from the 21 to 28-kDa protein cluster from trophozoite and
schizont stages revealed that a dolichol of 11 isoprene units
was indeed detected as a major [M + Li]+ ion with mass quan-
tity/charge number (m/z) 775.8 in the sample puriﬁed from par-
asites (Fig. 4AI). The same [M + Li]+ adduct (m/z 776.0) was
also detected when the authentic dolichol standard of 11 iso-
prene units was subjected to ESI(Li+)-MS (Fig. 4AII), and
its molecular structure was conﬁrmed by comparing the ESI-
(Li+)-MS/MS of the ion with m/z 775.8 from P. falciparumFig. 3. RP-HPLC analysis of the products released from (A) [3H]FPP
and (B) [3H]GGPP-labeled 21–28-kDa proteins of P. falciparum. D11,
P6, P12, and P14 represent the retention times of standards of dolichol
of 11 isoprene units and polyprenol of 6, 12, and 14 isoprene units,
respectively.
Fig. 4. AI and AII – ESI(Li+)-MS (in selective ion-monitoring mode) of a dolichol of 11 isoprene units (m/z 775.8) released from P. falciparum
schizont proteins and of dolichol standard of 11 isoprene units (m/z 776.0), respectively. BI and BII – ESI(Li+)-MS/MS of [M + Li]+ ion with m/z
775.8 of a dolichol of 11 isoprene units from P. falciparum schizont proteins and [M + Li]+ with m/z 776.0 of dolichol standard of 11 isoprene units,
respectively.
Fig. 5. RP-HPLC analysis of butanol-extractable [3H]FPP, [3H]GGPP
and [35S]cys-labeled proteolic products from 21 to 28-kDa proteins of
P. falciparum schizonts. The arrows represent the retention times of the
standards used. 1: farnesyl-cysteine; 2: dolichol 11-P; 3: geranylgeran-
yl-cysteine; 4: dolichol 11.
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structurally diagnostic dissociation proﬁle with successive loss
of isoprene units (68 Da) is evident, conﬁrming the identity of
the molecule.
No information about the structure of the polyisoprenoid of
12 isoprene units could be obtained, indicating that the con-
centration of this compound was below the detection limit
for these experiments (100 qM) [14].
3.5. Nature of the binding of dolichol to proteins
Once the presence of a dolichol attached to these proteins
had been conﬁrmed, we tried to establish whether it was a
post-translational modiﬁcation and whether the dolichol was
attached to cysteine residues.
P. falciparum parasites were treated with cycloheximide or
chloramphenicol, which inhibit de novo protein synthesis,
and no decrease in labeling of the proteins was observed (data
not shown), suggesting that the binding of dolichol to the pro-
teins is a post-translational event.
P. falciparum proteins labeled with [3H]GGPP, [3H]FPP or
[35S]cysteine were subjected to proteolysis, and the butanol-
extractable proteolytic products were subjected to RP-HPLC
analysis.
Fig. 5 shows three predominant peaks that coincided with
[3H]FPP and [35S] cysteine-labeled material from the schizont
stage. The retention time of the ﬁrst peak (15–20 min) was sim-
ilar to that of the farnesyl-cysteine standard (16–21 min) and
the retention time of the second peak (25–30 min) was similar
to that of geranylgeranyl-cysteine (26–32 min). The third peak
(retention time 40–46 min) represents the most hydrophobic
group, which is probably a dolichol–cysteine group. The same
results were observed with trophozoite samples (data not
shown).[3H]GGPP-labeled material had only two predominant
radioactive peaks. The retention time of the ﬁrst peak (25–
34 min) was similar to that of the geranylgeranyl-cysteine stan-
dard (26–32 min), and the most hydrophobic peak (retention
time 62–70 min) appears to represent another very hydropho-
bic group bound to the P. falciparum proteins.4. Discussion
Prenylation is a surprisingly frequent modiﬁcation of pro-
teins, and approximately 2% of all eukaryotic cell proteins
are prenylated [15].
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tion, such as the attachment of isoprenoid-derived compounds
(for example diphytanylglyceryl [16] and phytol [17]), have
been described in bacteria and plants, respectively. Prior to
the present study, evidence of attachment of long-chain isopre-
noids to proteins had only been described in human tumor cell
lines [6].
Our group has already suggested that dol can be attached to
P. falciparum proteins, and we provide evidence in this paper
for thioether linkage of a dolichol group to cysteine residues
in P. falciparum proteins.
We chose to use [3H]FPP and [3H]GGPP instead of [3H]dol
as precursors for protein dolichylation because commercially
available [3H]dol has dolichols of 16 and 21 isoprene units that
are longer than those synthesized by P. falciparum.
RP-TLC (Fig. 2A) and RP-HPLC (Fig. 3A) analysis of
[3H]FPP-labeled compounds released from the 21 to 28-kDa
P. falciparum proteins (from the trophozoite and schizont
stages) revealed that a dolichol of 11 isoprene units and a
polyisoprenoid of 12 isoprene units can be attached to proteins
of this parasite. Mass spectrometry analysis conﬁrmed the
identity of the dolichol molecule (Fig. 4).
We prefer to use the term polyisoprenoid of 12 isoprene
units here because mass spectrometry identiﬁcation of this
molecule was not possible, and the chromatography methods
used in this study did not allow diﬀerentiation between a dol-
ichol and a polyprenol with the same number of isoprene units.
Moreover, our analysis also indicated that [3H]FPP and
[3H]GGPP can be transformed by P. falciparum into unknown
isoprenoid derivatives (Fig. 2).
The Rf and retention times of these unknown compounds,
which were only attached to the 21–28-kDa proteins, were dif-
ferent from those of the polyisoprenoid standards used in the
TLC and HPLC analysis, respectively, and no additional struc-
tural information was obtained by mass spectrometry analysis.
It has been shown that sulfonium-salt cleavage gives rise to
hydrophobic rearrangement products derived from farnesol
and geranylgeraniol. It is thus possible that the unknown com-
pounds observed are artifacts. However, despite the knowledge
of the biosynthesis of dolichol and coenzyme Q-side chain
products in P. falciparum, the fact that the others steps after
the biosynthesis of GGPP in this parasite remain unknown
means that the possibility of the biosynthesis of other types
of isoprenoid-derived compounds by the parasite cannot be
ruled out. Identiﬁcation of these unknown compounds is cur-
rently a priority for a new set of experiments in our laboratory.
The extensive delipidation and the experiment with tunica-
mycin showed that the dolichol molecule and other unknown
compounds are covalently bound to proteins, allowing us to
exclude dolichol-P interaction with proteins.
Extensive digestion of the 21–28 kDa P. falciparum proteins
followed by HPLC analysis of the butanol-extractable proteo-
lytic products showed identity in the chromatogram of the pro-
teins labeled with [3H]FPP and [35S]cysteine (Fig. 5). Evidence
of a possible linkage of a dolichyl group to cysteine residues is
provided by the most hydrophobic peak, which has a retention
time of 40–46 min, as the most hydrophobic compounds
attached to the 21–28-kDa protein cluster labeled with
[3H]FPP (Fig. 3A) are a dolichol of 11 isoprene units and a
polyisoprenoid of 12 isoprene units.
This linkage is similar to that occurring in protein
prenylation and appears to occur post-translationally, as thisevent was not blocked by inhibition of de novo protein syn-
thesis.
The peak with retention time of 62–70 min of the proteins
labeled with [3H]GGPP (Fig. 5) represent the most hydropho-
bic unknown compound attached to proteins (Fig. 3B). This
compound appears not to be linked to proteins via cysteine
residues, as no peak with the same retention time was present
in the [35S]cysteine chromatogram. However, as sulfonium-salt
cleavage reaction with methyl iodide breaks predominantly
sulfur linkages, this assumption could be questionable. Our
group is endeavoring to identify this compound and determine
how it is linked to proteins.
While this study has yielded valuable results, a number of
questions remain to be answered, namely, the protein sites
used for linkage of dolichol groups, the enzyme responsible
for this modiﬁcation and the substrate for this enzyme (dol,
dol-P, or dol-PP).
Given that a number of diﬀerent prenyl transferases may ex-
ist in P. falciparum (PFT, PGGT-I, and PGGT-II), it is possi-
ble that one of them is responsible for the linkage of dolichol
to proteins, once that the use of diﬀerent substrates by these
transferases has been reported [4,18]. Alternatively, dolichyla-
tion in this parasite may take place by means of other enzymes.
Other important questions are the nature and function of the
protein(s) that are covalently associated with the lipids investi-
gated. We do not know at present which proteins are involved,
but there is evidence that dolichylated proteins only occur in
tumor cells and that they can be involved in cell-cycle control.
The fact that dolichylated proteins are only present in tro-
phozoite and schizont stages (Fig. 2) may indicate that this
kind of protein modiﬁcation is involved in parasite growth
control, once that organelle maturation and schizogony occur
in these stages [19]. These dolichylated proteins can probably
act like other GTPases, and if true, this would indicate not
only the existence of a new type of GTPase but also that these
proteins could be considered an important new target for anti-
malarial drugs.
It has been demonstrated that the isoprenoid moiety attached
to proteins not only acts as a membrane anchor for proteins but
is also involved in subcellular localization of proteins in the cell
[20]. In this context, the attachment of a dolichyl group to pro-
teins may be involved in the speciﬁc intracellular localization of
proteins, and the inhibition of this linkage with drugs or mi-
metic peptides could be widely explored.
In summary, the present study has shown that dolichol mol-
ecules attach to P. falciparum proteins, and we have provided
evidence that this is a post-translational protein modiﬁcation
that occurs via covalent binding to C-terminal cysteine resi-
dues. Protein dolichylation in parasites, of which our study
is the ﬁrst characterization, could represent a new potential
target for anti-malarial drugs.
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